Abstract-In this study, we characterized the elastic properties of additive manufactured metal alloy before and after the electrochemical corrosion using the line-focused ultrasonic transducer system. The calculation was based on the measurement of the surface Rayleigh wave's velocity. The result showed that the velocity of the surface wave and the Young's modulus had negative correlation with the degree of corrosion. We built a galvanic cell to simulate the electrochemical corrosion in this test and use a concave transducer with motorized stage to emit and detect the ultrasonic waves which could be used in surface wave's calculation.
I. INTRODUCTION
In the recent decades, additive manufacturing represented by 3-D printing industry has swept across the world. It makes the metalworking no longer be restricted to conventional processing and manufacturing methods (e.g., casting, forging, etc.) and gives more imagination to modern fabrication. During the fabrication, most additively manufactured metallic alloys experience repeated solid state phase transformations, which gives them some unparalleled properties that conventional fabricated parts can never have [1] .
Nevertheless, corrosion of metal alloys exists obstinately using neither traditional subtractive means nor additive manufacturing methods. The failure to monitor the seriousness of corrosion can cause a catastrophic accident. Compared with other Non-Destructive Testing methods, the method of ultrasonic surface wave testing has a lot of advantages including portability, efficiency, and un-contamination etc. [2] . This makes it a quite promising method to evaluate or monitor electrochemical corrosion, which is generally occurs in our daily life.
II. BACKGROUND AND PRINCIPLE OF MEASUREMENT

A. Line-focus Transducer
In 1970s, lots of researchers devoted themselves on expanding the application fields of ultrasonic transducer systems based on the development of a mechanically scanned acoustic microscope [3] . It was found in 1977 that the curve V(z), which represented the output of a piezoelectric transducer, varied significantly with the distance between the acoustic probe and the surface of the sample [4] . After that, the relationship between the intervals in V(z) and the velocity of the Rayleigh surface wave was revealed by Parmon and Bertoni [5] in 1979.
Although this great achievement made it possible to measure the acoustic properties quantitatively, the principle of the point-focus system (using a spherical lens with which a plane wave radiating from the transducer is circularly focused into a point) had a disadvantage to excite leaky surface acoustic wave propagating in all directions [6] . In order to detect the acoustic properties of both isotropic and anisotropic materials, a linearly focused acoustic beam was proposed by Kushibiki et al. in 1981 [7] . Subsequently, the following studies were based on this design of transducers.
The design of the transducer system in this work also refers to this type. A linearly focused lens-less polyvinylidene fluoride (PVDF) transducer which offers 10 MHz centre frequency is chosen from the comparison of the previous works.
B. Time-resolved Defocusing Method
As mentioned before, a series of measurements taking advantages of the relationship between the dip interval and Rayleigh wave velocity were conducted after the significance discovered by Permon et al. These techniques, however, required a strict mechanical precision of the driving system that might reflect on the scanning of an acoustic lens or sample. It was difficult to apply this technique in which rapidity and easy-manipulation were required [8] .
To eliminate this restriction, Yamanaka proposed a more direct way to measure the Rayleigh wave velocity without z scanning called time-resolved defocusing method [8] . In this method, he utilized the difference of traveling time between the axial wave and leaky surface wave, which were easily observed from the output signal, to calculate the velocity of Rayleigh wave -C R .
Identify applicable funding agency here. If none, delete this text box. Fig. 1 Working principle of concave transducer [8] The principle of the measurement is shown in Fig. 1 . The axial wave propagates along the path EO′E, while the Rayleigh surface wave excited at angle R goes through the path ABO′CD. Therefore, the traveling time of the axial wave is: (1) where is the velocity of the wave propagating in the water as coupler.
And the traveling time of the Rayleigh wave is: (2) where is the velocity of the Rayleigh wave on the sample surface.
Solving the Equation (1) and (2) simultaneously, we can have (3) by eliminating with the relation ( 4 ) From the Equation (3) we can find that the distance and the time interval are linearly dependent, since and are both established constant. The linear relationship between the distance and the time interval can be described as follows: (5) In the meanwhile, we can derive from the Snell's Law that (6) Eliminate by substituting Equation (5), then we get
where , the velocity of the acoustic wave in distilled water.
From the above, it can be concluded that the velocity of the Rayleigh surface wave is able to be calculated using the Equation (7) by measuring the slope with regard to the time interval and the corresponding defocusing position .
C. Electrochemical Corrosion
As we know, there are many kinds of metallic corrosion existing in our daily life and industry. But the commonest one is electrochemical corrosion which is under the conditions of galvanic cell (including an anode and a cathode), electrolyte and closed circuit. For example, when a metal is placed in the moist atmosphere, it forms a water film on the surface which includes a small quantity of hydrogen ions, hydroxyl ions and dissolved oxygen. As a result, this moisture film works like the electrolyte. Combining with the metal itself and the impurity elements (e.g. carbon or other nobler element) in this metal, it becomes numerous tiny galvanic cells on the surface of the metal. In each galvanic cell, active metal works as the anode where the oxidation reaction takes place; inert element works as the cathode at which the reduction reaction happens. The electrons transfer in this process accelerates the reduction-oxidation reaction, that is the reason why the electrochemical corrosion is faster and severer than the general chemical corrosion. The corrosion can be separated into two parts according to whether it gets electrons or not. As shown in Fig. 2 , the relatively active metal (Fe in this example) which loses negative charges in the oxidized process becomes ferrous ion. The reaction equation at the anode is: (8) Then the metal ions dissolve in the moisture film and the electrons migrate to the cathode where they are taken up by a depolarizer [9] : Hydrogen evolution corrosion:
Oxygen absorption corrosion: (10) Other nobler metal: (11) Because oxygen exists almost anywhere in the atmosphere and it can be lightly dissolved in a thin film of adsorbed moisture, the oxygen absorption corrosion is more commonly seen than the hydrogen evolution corrosion. Moreover, the oxygen absorption corrosion could happen in faintly acidic, 978-1-5386-3383-0/17/$31.00 ©2017 IEEE neutral or alkaline environment. Thus, the large amounts of electrochemical corrosion in the air are oxygen absorption corrosion. The total reaction equation of it is (taking iron for example): (12) Since the corrosion reaction changes the component and its molecular structure on the surface of the metal, which can be sensitively detected by the Rayleigh surface wave, we can estimate the destruction stage by measuring the variation of the Rayleigh wave's velocity.
III. EXPERIMENTAL PROCEDURE
A. System setup
As mentioned above, the design of the transducer system mainly refers to the work of Yamanaka [8] and D. Xiang [10] .
In this measurement, a PVDF thin film is attached to a cylindrical concave surface as the testing probe at the terminal of the stage. The concave's focal distance is 35mm and its aperture half angle is 50 degrees. The interior of the concave is filled up with tungsten powder and epoxy with a weight ratio of 2:1 as high impedance backing material. The stage is controlled by a programmed stepping motor (SURUGA SEIKI CO., LTD, Shizuoka, Japan) so that the defocus process of the PVDF probe can be precisely controlled. Connected to the pulser/receiver (5072PR, OLYMPUS), the PVDF transducer can emit and receive the ultrasonic signal through the couplant -distilled water and convert it into an electric signal, which can be easily analyzed. The received signal is sent to an oscilloscope (4034A, AGILENT TECHNOLOGIES) where we can observe and record the variation of the waveform. The schematic diagram of the Line-Focus Ultrasonic Testing System used in this test is shown in Fig. 3 . 
B. Preparation of samples
In this test, we choose the additive manufacturing steel SS420 as samples. Connecting with copper, the samples are immersed in the electrolyte solution for 3 days, and 10 days respectively. To aggravate the chemical attack, we pump air and add nitric acid into the solution.
One comparison of the samples before and after the process is shown in Fig. 4 and 5 . And Fig. 6 shows the galvanic corrosion in process. Once the testing system is set up, we can calibrate the stage to the focal position where the output of the oscilloscope is the largest. Subsquently, defocus the motorized stage 0.2mm per step in z direction. Then record the position value z and the coressponding traveling time of axial waves and Rayleigh wave at each step. After that, we can depict points on the Cartesian coordinate and use a linear trendline to fit them, so that the slope of the trendline is the value that we will need in Rayleigh wave's speed calculation. As we can see from the table 1 and Fig. 7 , the velocity of the Rayleigh wave can be calculated according to the Equation (7), and it becomes smaller after the sample is corroded. Then, the longitudinal wave can be obtained by using formula , where is the thickness of the sample and is the traveling time in the sample back and forth.
Referring to the equation proposed by D. Royer and E. Dieulesant [11] , we can calculate the shear wave's velocity by solve the cubic equation as follows: (13) Therefore, the change of the elastic properties can be calculated based on the variation of the surface, longitudinal and shear wave's speed. [2] Because the corroded layer is quite thin compared to the depth of the sample, we assume that the density of the samples are all equal to 7800 kg/m 3 which is the density of the steel SS420.
V. DISCUSSION AND CONCLUSION
From previous analysis, it can be concluded that as the corrosion becomes severer the velocity of the Rayleigh wave we detect becomes slower. What's more, the Young's modulus we calculated based on the measurement becomes smaller as well. If we compare these corroded samples' elastic properties with the data given by D. Chicot et al. [12] , we will notice that they are close to the mechanical property of magnetite (Fe 3 O 4 ). The result coincides well with the color of the corroded layer we observed from Fig. 5 , because the magnetite (also known as ferrous-ferric oxide) is black or brownish-black.
The measurement can be improved one step further in this study is that the density of the sample after corroded could be less than 7800 kg/m [13] after corrosion. If we want to make the result more precise, we can use the drainage method to measure the sample's volume and weight to calculate its exact density.
In conclusion, characterization of the additive manufacture metal alloys' corrosion by PVDF line focused ultrasonic transducer system was conducted in this study. And the testing results showed good agreement with the corroded constituents.
